Abstract-In this paper, we present an overview of some of the key characteristics of a wideband code division multiple access (CDMA) system. Among the topics that are discussed are the effect of spread bandwidth on performance, the use of multicarrier CDMA, and the use of multicode CDMA.
I. INTRODUCTION
The use of wideband direct sequence waveforms for use in code division multiple access (CDMA) systems is well known [1] - [8] . However, while much of the original work on CDMA was intended for military applications, most of the more recent results were motivated by non-military systems. Both narrowband and wideband CDMA systems have been designed, and in this tutorial paper, we describe and compare some of the key attributes of these designs.
Since wireless and mobile communications systems have become the dominant application of CDMA, and since the key characteristic of wireless channels is the multipath/fading due to reflections from multiple scatterers, the use of direct sequence spread spectrum is a logical choice for the waveform, since such waveforms are known to enable constructive use of the multipath when a rake receiver is employed at the receiver. However, such enhanced performance only arises when the channel appears frequency selective to the transmitted waveform. That is, the spread bandwidth of the signal must exceed the coherence bandwidth of the channel.
In light of the above considerations, for the purposes of this paper, we define a wideband CDMA system as one whose chip rate is sufficiently high so that the fading experienced by the transmitted signal is selective. In contrast, we define a narrowband CDMA system as one whose waveform experiences flat (i.e., nonselective) fading.
THE EFFECT OF SPREAD BANDWIDTH ON BER PERFORMANCE
As shown in references such as [9] , if one has a system that coherently demodulates the data, and simultaneously can accurately resolve as many paths as are available, then a larger spread bandwidth results in a better performance. However, as the number of resolvable paths increases, the power-per-resolvable path decreases, since the total received power is constant. Thus, the ability of the receiver to learn the fading characteristics of the channel for use in optimum receiver design is diminished, and the performance is degraded. In other words, there is a tradeoff between the increased diversity that is achievable by using a larger spread bandwidth, and the degradation due to poorer parameter estimates (such as carrier frequency and phase).
To quantify such a tradeoff, consider the following results, all taken from [lo] . In Figure 1 , the average probability of error is plotted versus the number of resolvable paths, or, equivalently, the spread bandwidth. The channel experiences frequency selective Rayleigh fading with a multipath intensity profile having an exponential decay with an exponent of five. The curves in the figure are parameterized by the ratio of energy-perbit-to-noise power spectral density (Eb/No). Note that for each curve, there is an optimum spread bandwidth, and that optimum bandwidth increases as the Eb/No increases. Note also that the curves were generated for a system that employed a spread pilot channel that was code division multiplexed with the data channel. For the curves in the figure, the pilot channel signal was integrated for a time duration equal to the length of two data symbols in order to obtain the estimate of the channel amplitude and phase, and there were a total of ten active users.
As a means of enhancing the accuracy of the channel estimate for a given Eb/No, one can increase the observation time, providing that the Doppler spread on the channel is not too large. To see the effect of increased observation time, consider the results shown in Figure 2 , which correspond to an Eb/No of 10 dB and five active 0-7803-7 189-5/01/$10.00 0200 1 IEEE users. The observation times correspond to two, three and four times the symbol durations, with the: top curve corresponding to the shortest observation time and the bottom curve corresponding to the largest observation time. It can be seen that as the observation time increases, the optimum spread bandwidth increases, again indicating that what is wanted is a spread bandwidth as large as possible, consistent with a sufficiently accurate estimate of the channel parameters.
ALTERNATIVE WAVEFORM DESIGNS
It can be seen from both Figure 1 and Figure 2 that, in addition to the curves described in Section 11, there is an additional set of curves labeled "multicarrier (MC) CDMA." In an MC CDMA system ([11]-[20] ), multiple spread subcarriers are combined so as to occupy the same total bandwidth as does the more classical single carrier direct sequence signal. The potential advantages of such a waveform include the ability to more easily overlay narrowband interference, and the flexibility to use a non-contiguous spectrum. It can be seen from Figures 1 and 2 that, just as a single carrier system has an optimum number of resolvable paths, an MC system has an optimum number of subcarriers. The reason for this is that the total transmit power in an MC system is constant. Therefore, as the number of subcarriers increases, the power-per-subcarrier decreases, and again the ability to accurately estimate the channel is degraded.
In addition to MC signaling, various other waveform designs have been developed for mobile communications systems that employ wideband C D M A . One such design is that of multicode CDMA ([21]-[24] ). The motivation for multicode CDMA is the following: As the demand for higher data rates increases, if h e spread bandwidth stays constant, along with the alphabet size of the data, then the processing gain of a conventional direct sequence spread spectrum waveform decreases. This decrease in processing gain has various negative effects on system performance, such as an increase in self-interference on the taps of a rake receiver ([9]). A system such as this that is designed to allow transmissions at multiple rates is typically referred to as a "variable processing gain" system. As an alternative, one can assign multiple spreading sequences to each user, thus allowing each user to transmit multiple data symbols in parallel, without decreasing the duration of a data symbol. This keeps both the data rate and the processing gain constant, but results in additional interference on the channel. In other words, there is a tradeolFf between a multicode system and a variable processing gain system. This tradeoff does not seem to have produced one distinctly superior system, but does seem to favor the multicode design at sufficiently high data rates. Many other design tradeoffs exist in wideband CD-MA systems, such as whether to use a matched filter or a correlator at the receiver ( [25] , [26] ), and whether to use a time multiplexed header to achieve synchronization, or a code multiplexed pilot ([27], [28] ). A general overview of these topics is presented in [9].
